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[57] ABSTRACT 
Methods for determining the permeability of an earth 
formation traversed by a borehole are provided and 
comprise: logging the borehole to determine indications 
of at least a plurality of elements in the formation; deter 
mining the mineralogical content of the formation from 
the elemental indications; determining the porosity of 
the formation; and determining the permeability of the 
formation as a function of the determined mineralogical 
content and porosity. The mineralogical content of the 
formation is preferably determined according to a trans 
form which relates elemental concentrations of the 
formation to mineral weight percentages. The permea 
bility is preferably determined according to a transform 
which equates the permeability to a product of the 
function of the formation porosity, the maximum feld 
spar content in a given zone of the formation, and an 
exponential function of the summation of pedetermined 
mineral components of the formation and residual 
weighted by a redetermined constant for each mineral 
component and the residual. If desired, the element to 
mineral transform can be combined with the formation 
mineral and porosity to permeability transform, thereby 
eliminating the step of determining the mineralogical 
content via the element-mineral transform. 

33 Claims, 5 Drawing Sheets 
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PERMEABILITY DETERMINATIONS THROUGH 
THE LOGGING OF SUBSURFACE FORMATION 

PROPERTIES 

This application is a continuation-in-part of applica 
tion Ser. Nos. 770,802 now US. Pat. No. 4,722,220, 
656,104 now Pat. No. 4,712,424, and 574,481 ?led re 
spectively on Aug. 29, 1985, Sept. 28, 1984, and Jan. 26, 
1984. all three parent applications are hereby incorpo 
rated by reference herein. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to investigat 
ing earth formations traversed by a borehole. More 
particularly, the invention relates to methods for deter 
mining the permeability of an earth formation traversed 
by a borehole from well logging data derived by lower 
ing in the borehole one or more apparatus for investi 
gating subsurface earth formations. 
Because the permeability of a hydrocarbon bearing 

formation is a prime indicator as to whether the hydro 
carbons may be produced, the oil industry has long been 
interested in developing a reliable and accurate permea 
bility log. Over the years, a large number of permeabil 
ity “transforms” have been developed which relate 
permeability to at least one other aspect of the earth 
formation. Thus, for example, it is sometimes found in 
certain formations that a correlation exists between the 
porosity of the formation and the logarithm of permea 
bility of the formation according to the following rela 
tionship: 

log k-log BZ=~B|4> (l) 

where k is the formation permeability, qb is the forma 
tion porosity, and B1 and B2 are empirical constants. If 
equation (1) was accurate and reliable, permeability 
could be determined on a continuous basis from logging 
tools as many different tools for and manners of deriv 
ing a porosity determination are known in the art. How 
ever, typically, the correlation provided by equation (1) 
is poor and not transferrable from zone to zone or oil 
?eld to oil ?eld. 
Other transforms which relate permeability to other 

formation parameters have also been proposed and are 
currently in use. Thus, A. Timur suggests in “An Inves 
tigation of Permeability, Porosity, and Residual Water 
Saturation Relationships”, Proceeding of 9th Ann. 
SPWLA Logging Symp. June 23-26, 1968, Paper J, that 
an improved permeability estimate might be derived 
from a determination of porosity and residual water 
saturation according to the equation: 

¢4.4 (2) 
k = .136 

where k is the formation permeability, d) is the forma 
tion porosity, and SW, is the residual water saturation of 
the formation. While the standard error of the permea 
bility estimate provided by equation (2) is only a factor 
of two (which is considered very good for this art), a 
determination of residual water saturation can only be 
made in the lab. Thus, borehole sampling techniques 
(e.g. coring) which are extremely costly and require 
extensive time delays would be required to use equation 
(2), and permeability from logging would not be real 
ized. While the residual water saturation determination 
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2 
can be replaced by determinations derived from the free 
?uid index of the formation, the standard error rises 
precipitously. Thus, if nuclear magnetic resonance is 
used downhole to determine the free ?uid index as is 
suggested by A. Timur, “Effective Porosity and Perme 
ability of Sandstones Investigated Through Nuclear 
Magnetic Resonance Principles", Proceedings of 9th 
Ann. SPWLA Logging Symp., June 23-26, 1968, Paper 
K, the standard error increases to a factor of between 
ten and twenty. Such an error factor, while competitive 
with other techniques available, is unacceptable in 
many situations. 
Yet another permeability transform, known in the art 

as the Kozeny-Carman relationship, relates the permea 
bility of a porous medium to the porosity and the sur 
face area per unit volume of the solid matrix according 
to the equation: 

Am’ (3) 
= (1 - @2502 

where k is the formation permeability, (l) is the forma 
tion porosity, and S0 is the surface area per unit volume 
of the solid formation matrix. Other forms of equation 
(3) exist which normalize the surface area to bulk vol 
ume and to pore volume. Nonetheless, all known forms 
of the equation still require borehole sampling tech 
niques, and the expression is not measurable by bore 
hole logging. 

It is therefore an object of the invention to provide a 
reliable and accurate technique for determining the 
permeability of an earth formation through the use of 
logging tools. 

It is a further object of the invention to provide reli 
able and accurate permeability determinations in an 
earth formation by using logging techniques to provide 
mineralogical information and porosity indications. 

SUMMARY OF THE INVENTION 

There are broadly provided, in accordance with the 
invention, methods for determining the permeability of 
an earth formation wherein information concerning the 
elemental content and the porosity of the earth forma 
tion is obtained, and the permeability of the formation is 
determined as a function of the elemental content and 
the porosity. The elemental content of the earth forma 
tion and the formation porosity are typically deter 
mined by processing well logging data derived by low 
ering in the borehole one or more apparatus for investi 
gating subsurface earth formations. 
The invention also provides methods for determining 

the permeability of an earth formation transversed by a 
borehole which comprises, logging the borehole to 
determine indications of at least a plurality of elements 
in the formation, determining the mineralogical content 
of the formation from the elemental indications, deter 
mining the porosity of the formation, and determining 
the permeability of the formation as a function of the 
determined mineralogical content and porosity. The 
porosity of the formation may be determined through 
standard porosity logging techniques. The mineralogi 
cal content of the formation is preferably determined 
according to the teachings of the above-referenced 
parent applications Ser. Nos. 770,802, 656,104, and 
574,481. The permeability is preferably determined 
according to a relationship which equates the permea 
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bility to a product of a function of the formation poros 
ity, the maximum feldspar content in a given zone of the 
formation, and an exponential function of the summa 
tion of predetermined mineral components of the for 
mation and a residual component each weighted by a 
predetermined constant. 

Additional objects and features of the invention will 
become more apparent to those skilled in the art upon 
consideration of the following detailed description of 
the invention when taken in conjunction with the ac 
companying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1a is a flow diagram representing a manner of 
determining the permeability of an earth formation 
through logging. 
FIG. 1b is a ?ow diagram representing an alternative 

manner of determining the permeability of an earth 
formation through logging. 
FIG. 2 is a table which provides values for a matrix 

which de?nes relationships between selected minerals 
and elements. 
FIG. 3 is a flow chart that provides a method of 

determining matrix values which provide relationships 
between selected minerals and elements in a formation 
through logging a formation. 
FIG. 4 is a flow chart which provides an alternative 

manner of deriving an element-mineral transform ma 
trlx. 
FIG. 5 is a permeability log depicting permeability 

measurements obtained from core samples superim 
posed on the mineralogically-derived permeability mea 
surements of the invention. . 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Turning to FIG. 1a, a flow chart de?ning a method 
for determining the permeability of an earth formation 
is seen. At 10, a borehole traversing the earth formation 
is logging for at least one borehole depth by at least one 
borehole tool to determine the elemental concentrations 
of a plurality of elements. At 15, the elemental concen 
trations are converted via a transform into mineral con 
centrations, preferably according to any of the tech 
niques disclosed in the parent applications hereto. At 
20, the porosity of the formation for at least the one 
borehole depth is obtained, and at 25, the permeability is 
determined according to a relationship which relates 
the permeability to a function of the mineral contents 
and the porosity. 
Examples of borehole tools which provide and deter 

mine elemental chemical data and yields as required by 
step 10 include natural gamma ray tools, induced 
gamma spectroscopy tools, high resolution spectros 
copy tools, etc. The natural gamma ray tools typically 
comprise a scintillator and pulse height analyzer which 
respond to and measure the gamma ray activity due to 
the decay in an earth formation of the naturally radioac 
tive elements thorium, uranium and potassium. The 
induced gamma ray spectroscopy tools typically utilize 
a pulse deuterium-tritium accelerator neutron source 
and sodium iodide detectors which detect the gamma 
rays resulting from the interaction of the source neu 
trons with the formation elements. As disclosed in U.S. 
Pat. No. 3,521,064 issued to Moran, and U.S. Pat. No. 
4,055,703 issued to Antkiw, the spectroscopy tools can 
be run either in an inelastic, a capture, or an activation 
mode and can provide elemental yield information on at 
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4 
least hydrogen, chlorine, silicon, calcium, iron, oxygen, 
carbon, and sulfur. High resolution spectroscopy tools 
are based on the same principles as the induced gamma 
ray spectroscopy tools except that the accelerator neu 
tron source may be replaced, if desired, by a chemical 
source, and the detectors utilized are high resolution 
(such as high-purity germanium) detectors. The high 
resolution spectroscopy tools may be used to determine 
both the amounts of the more abundant formation ele 
ments such as those determined by the induced gamma 
ray spectroscopy tools, and the amounts of less abun 
dant element such as aluminum, vanadium, magnesium, 
manganese, titanium, sodium, etc. Those skilled in the 
art will appreciate that a variety of other borehole tools 
are known for obtaining elemental concentrations (e.g. 
a natural gamma ray tool followed by a chemical source 
followed by another natural gamma ray tool), and what 
is critical to the invention is the obtaining or gaining of 
the elemental indications or concentrations through 
borehole logging rather than the particular means or 
techniques used to obtain the results. 
Methods for transforming elemental concentrations 

into mineral quantities as required by step 15 have been 
previously described by the instant inventor. In particu 
lar, three different techniques for accomplishing the 
same as disclosed in the parent applications hereto, Ser. 
Nos. 770,802, 656,104, and 574,481 which are incorpo 
rated by reference herein. While the preferred method, 
because of its simplicity, is that disclosed by Ser. No. 
770,802, either of the other methods may be utilized and 
may on occasion provide improved results. 
As disclosed in Ser. No. 770,802, elemental concen 

trations may be converted into mineral quantities via a 
transform which may take the form of a matrix. Thus, as 
seen in FIG. 2, a matrix table is presented which repre 
sents the relationship between various minerals and 
elements. The matrix of FIG. 2 may be used to provide 
mineral quantities (weight fractions) from the elemental 
concentrations determined at step 10 by multiplying the 
inverse of the matrix by the determined elemental con 
centrations. In this regard, it should be noted that the 
?rst six rows of numerical values in FIG. 2 represent a 
given element in a given mineral as a percentage ?gure. 
The remaining ?ve rows are expressed in ppm. The 
double entry where the row for potassium and column 
for feldspar meet designates values for total feldspar and 
potassium-feldspar respectively. the “X” notations in 
FIG. 2 indicate that the percentages or ppm values are 
small (e.g. less than or equal to 10%) by comparison to 
the largest percentages or ppm values found in the col 
umn. 

Another manner of determining mineral quantities 
from elemental concentrations is seen in FIG. 3 herein 
and taught by parent application Ser. No. 574,481. In 
essence, the values used in FIG. 2 or values similar 
thereto for determining mineral quantities from elemen 
tal concentrations may be derived according to the 
steps shown in FIG. 3. Thus, in accord with the steps of 
FIG. 3, if sidewall or whole cores from a well bore are 
available, the sidewall or whole cores are analyzed at 50 
for elemental and mineralogical content via standard 
laboratory techniques such as X-ray diffraction, ?nes 
separation, instrumental neutron activation analysis, 
etc. Each sidewall core is then said to represent a com 
plete data set of variables which includes a list of miner 
als and elements located therein and an absolute and/ or 
relative concentration of the elements and minerals. 
The available information, preferably comprising nu 
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merous data sets, is input into a computer 60 (such as a 
VAX which is manufactured by Digital Equipment 
Corporation of Maynard, Mass). The computer 60 is 
programmed in a manner so as to perform an r-mode 
factor analysis such as is described and listed in: Davis, 
John C., Statistics and Data Analysis in Geology, John 
Wiley & Sons, Inc. (New York, 1973). The r-mode 
factor analysis is used to reveal common sorces of cor 
relation, if any, between the measured variables. Thus, 
at 65 the computer determines the major factors which 
account for a large percentage of the variance in the 
element and mineral measurements. Using measures of 
correlation also provided by the factor analysis between 
these factors and the element and mineral measure 
ments, the computer determines at 70 the associations 
between the elements, minerals and factors. If desired, 
the computer may output factor cross-plots which have 
the factor correlation values of the factors (e.g. Factor 
1 and Factor 2) as the axes, and the elements and miner 
als plotted as a function thereof. 
Once the factors are determined by the computer at 

65, it is perferable to identify the factors. Thus, a deter 
mination may be made at 80 by the computer as to 
whether any minerals in the formation have a close 
correlation to a factor. In some situations, a mineral may 
not correlate well with a single factor axis, but may 
correlate well with two factors. Preferably, dominant 
minerals such as illite, kaolinite, feldspar, quartz, calcite, 
smectite, etc. are identi?ed with the factors at 80, and 
that identi?cation may be accomplished by performing 
correlation value searches on the computer. 

After the factors are identi?ed at 80, indexing ele 
ments are chosen at 85 which can be used to establish a 
quantitative relationship between the elements and 
dominant mineral factors. The elements are preferably 
chosen at 85 by the computer and are chosen because of 
their correlation with the mineral which is to be quanti 
?ed. If a mineral is well correlated with each of two 
factors, two elements are needed to index the mineral. 
One chosen index element should be correlated with 
one factor while the second should be correlated with 
the other factor. Again, a good correlation between the 
indexing element(s) and the mineral is desired and the 
existence of such correlations may be found by com 
puter. 
The core data analyzed at 50 is utilized in conjunction 

with the mineral factors and indexing elements at 90 to 
provide an element-mineral matrix 

[Ml=lAl_'-E (4) 

which transforms the concentration of the index ele 
ments into the weight percentage of the dominant factor 
minerals. [M] is the column matrix of mineral abun 
dances. [E] is the column matrix of elemental concentra 
tions in each sample. [A]*1 is the inverse of the end 
member composition matrix having components which 
are the concentrations of each element in each mineral, 
the same being determinable through a multiple linear 
regression of the concentrations of index elements 
(chosen at 85) in conjunction with the mineral weight 
percentages gained from the sidewall or whole core 
analysis at 50. It will be appreciated that the required 
multiple linear regression and the determination of the 
elemental-mineral matrix are accomplished by com 
puter, and many computer programs for accomplishing 
the same are available. An example of a multiple linear 
regression program is described and listed in: Davis, 
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6 
John C., Statistics and Data Analysis in Geology, John 
Wiley & Sons, Inc. (New York, 1973). 
Once the elemental-mineral transform matrix is in 

place, the elemental concentrations determined at 10 
from the logging tools are applied to the matrix so that 
mineral weight fractions may be determined at 95. 
Those skilled in the art will appreciate that the element 
mineral transform matrix so obtained parallels the in 
verse of the matrix seen in FIG. 2. Indeed, the matrix of 
FIG. 2 was so derived from a plurality of sidewall cores 
from various formations. 
A third technique for determining mineral quantities 

from elemental concentrations is seen in FIG. 4 herein 
and taught by parent application Ser. No. 656,104. This 
third technique can be explained in terms of the hypoth 
esis of geochemical uniformity which states that the 
chemical composition of sedimentary minerals of the 
same degree of crystallinity is uniform, irrespective of 
the geographic origin of the minerals. Regardless, core 
samples and factor analysis are not required as in the 
technique of FIG. 3. Instead, a standard “starting” ma 
trix relating a plurality (e.g. 12-15) index elements to a 
similar number of minerals known to occur on a wide 
spread basis in formations of interest is constructed at 
100 using the constant chemical formula for each min 
eral selected for inclusion. The quantities of each ele 
ment in a given formula can be derived in a variety of 
ways known to those skilled in the art, such as measure 
ment, regression analysis, or maximum entropy spectral 
analysis (see, e.g., the papers by I. Barrodale and R. E. 
Erickson in Geophysics, vol. 45 no. 3, March 1980 pp. 
420-432 and pp. 433—446). 

If desired, the choice of elements and minerals mak 
ing up the starting matrix may be modi?ed at 110 for a 
given oil?eld on the basis of existing knowledge of the 
?eld. In most oil?elds, the major mineral constituents 
are to some degree already known and recorded. Thus, 
additional or substitute minerals and elements can be 
incorporated into the matrix. This selection of elements 
and minerals may be further modi?ed in light of data 
already available, for example to incorporate elemental 
concentrations which can be derived from existing logs, 
and because of practical considerations, such as dif? 
culty of running speci?c logging tools in prevailing 
borehole conditions. 
The matrix thus obtained is an end member composi 

tion matrix [A] as discussed in relation to equation (4). 
The required element-mineral transform matrix [A] — 1 is 
then obtained by inversion of the matrix [A] at 120 
according to any of many matrix inverting computer 
programs known in the art. 

Additional modi?cations to the matrix [A] may be 
made at 160 based upon a comparison made at 150 be 
tween other logging measurements with the results 
obtained by applying the element-mineral transform 
matrix at 140 to the elemental concentrations obtained 
by logging at 10. For example, an evaluation of thermal 
neutron capture cross-section which may be derived as 
a function of the mineral percentages and porosity (as 
taught in parent application Ser. No. 656,104) may be 
compared with a direct measurement of the same, and a 
good degree of correlation would help con?rm that 
appropriate selections of minerals and elements had 
been made. Also, if any mineral in the starting matrix 
were evaluated as having zero concentration in a partic 
ular ?eld, it could be concluded that that mineral was 
not signi?cant in that ?eld, and the matrix could be 
simpli?ed, for that ?eld, by removing that mineral from 
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the matrix. The modi?ed end-member matrix would be 
inverted at 120 and retested if desired to permit the 
de?nition of a working element-mineral transform ma 
trlx. 

Different tools and methods for obtaining the poros 
ity of the formations as required at 20 of FIG. 1 are also 
known in the art. Preferably, however, density tools 
such as the gamma-gamma FDC tool, or the Litho 
Density tool (FDC and Litho-Density being trademarks 
of Schlumberger Technology Corp.) provide porosity 
by determining the bulk density of the formation. De 
tails of the both tools and porosity determining tech 
niques may be had by reference to U.S. Pat. No. 
4,048,495 to Ellis, No. 3,864,569 to Tittman, and No. 
3,321,625 to Wahl, all of which as assigned to the as 
signee herein. Thus, by assuming a fluid density (typi 
cally 1) and a matrix density average (typically 2.67), or 
by determining the ?eld density according to various 
well known techniques and determining the matrix 
density via mineralogical analysis such as according to 
the teachings of parent application Ser. No. 574,481, the 
porosity can be determined according to: 

(5) 

where pmam-x is the matrix density, p?w-d is the ?eld 
density, p1, is the bulk density, and 4) is the porosity. 
While the FDC and Litho-Density tools are preferred 
for obtaining porosity information, it is not intended 
that the invention be limited to those tools or manners 
of obtaining porosity. Those skilled in the art will ap 
preciate that other tools such as neutron tools can pro 
vide accurate porosity indications, especially in forma» 
tions which do not contain hydrous minerals. 

Returning to FIG. 1, once the mineral quantities are 
determined at 15, and the porosity is determined at 20, 
the permeability of the formation is determined at 25 as 
a function of the mineral content and the porosity. More 
particularly, the permeability is preferably determined 
according to a relationship which equates the permea 
bility to a product of a function of the formation poros 
ity, the maximum feldspar content in a given zone of the 
formation, and an exponential function of the summa» 
tion of predetermined mineral components of the for 
mation and the residual mineral component each 
weighted by a predetermined constant. For example, 
the permeability k may be de?ned by: 

where AflS a function of a maximum fledspar content of 
a given zone, B,- is a constant for each mineral compo 
nent, M,- is the weight fraction of each mineral compo 
nent, d) is the porosity, and C is a constant. Preferably, 
M; includes a residual mineral weight fraction, and B, 
includes a weighting for the same. 
For the preferred embodiment which requires the 

determination of the porosity, the maximum feldspar 
and the weight fraction (expressed as a decimal) of six 
minerals, the permeability k (in millidarcies) may be 
determined according to: 

logiok = (7) 
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8 
-continued 

4.9 + 2 (Maximum Feldspar) + 1 (Feldspar) + 

.l (Quartz) — 4.5 (Kaolinite) — 

5 (Calcite) - 5.5 (Illite) — 

7.4 (Smectite) — 5 (Residual) + 

3 logw(porosity) — 2 log10(l —- porosity): 

where the porosity is expressed as a decimal, and where 
the coefficients of the mineral weight fractions are the 
B,- values of equation (6). It will be appreciated that the 
B,- values and the coef?cient for Afof equation (7) were 
derived from data obtained from a plurality of wells. It 
will also be appreciated that the value for AflS typically 
chosen to be the maximum feldspar value for the entire 
borehole. However, if there is reason to believe that a 
signi?cant change in the maturity of the sediments has 
been located (i.e. the direction of the sediment source 
has changed, and a pronounced change in the porosity 
of the sand zones is found), respective maximum feld 
spar values for the zones above and below such a loca 
tion may be obtained and used. 

In order to derive the values for the coef?cient of Af, 
coef?cients Bi, and the porosity function, core samples 
are preferably analyzed for their mineral contents, their 
porosity and their permeability. Then, a multiple linear 
regression analysis such as is described and listed in 
Davis, John C., Statistics and Data Analysis in Geology, 
John Wiley & Sons, Inc. (New York, 1973), is per 
formed on a computer to provide the sets of coef?cients 
and porosity functions that provide correlations be 
tween the expected and determined permeabilities. 
While different possibilities for the sets of coef?cients 
and the porosity function may be presented by the com 
puter, the preferred set and function is that which pro 
vides a logical relationship between the various vari 
ables and the permeability (which also varies over 
depth). 
A logical set of coef?cients and a logical porosity 

function for equation (6) may be determined by under 
standing the relationship between the physical nature of 
the formation and the formation’s permeability. Thus, it 
is believed that for a given porosity, a maximum attain 
able permeability exists. Conditions favorable for maxi 
mum permeability include a predominance of quartz or 
quartz and feldspar (the B values for quartz and feldspar 
being positive as seen in (7)), combined with coarse 
grain size (affecting porosity) and maximum sorting. 
The sorting may be considered a function of the sedi 
ment which is re?ected in the maturity of the relative 
feldspar abundance. Conditions unfavorable to permea 
bility include the pore-‘bridging clays such as illite or 
smectite and cements such as calcite (the B values for 
illite, smectite, and calcite being negative as seen in (7)). 
Thus, a set of coef?cients which might include a posi 
tive value for the B; of a clay or cement, or a negative 
coef?cient for quartz or feldspar should typically be 
discarded, whereas the set of coef?cients provided with 
equation (7) above, may be utilized because of their 
congruity with the physical expectations. Also, a poros 
ity function, such as seen in equation (7), which is simi 
lar to the Kozeny-Carman equation (3) or other well 
known equations is considered a logical possibility due 
to the researched nature of those equations. 
While equations (6) and (7) are set forth as the pre 

ferred embodiment of the invention, those skilled in the 
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art will appreciate that in the broadest sense, the inven 
tion is believed to be the discovery that permeability is 
related to both the formation porosity and the mineral 
ogical content of the formation, and the realization that 
permeability may therefore be accurately derived via 
borehole logging. Thus, those skilled in the art, using 
the teachings contained herein, could provide other 
relationships between the porosity and formation min 
erals and the permeability which fall inside the inven 
tion. Indeed, with regard to equation (6), while it is 
believed that the maximum feldspar content does help 
?ne tune the equation and provide improved results, 
such a variable is easily dispensible. Likewise, while the 
porosity function utilized in equation (6) is similar to the 
Kozeny-Carman relationship and is believed to be opti 
mal, different porosity functions which also provide 
excellent results may be utilized. With regard to equa 
tion (7), and as discussed above, different values may be 
given to the Bicoef?cients, as well as the constant and 
the coef?cient for the maximum feldspar content with 
out deviating from the invention. In fact, if a few differ 
ent minerals were used in the matrix of FIG. 2 to deter 
mine the mineralogical content of a formation (re?ect 
ing a different mineralogical analysis), the His for the 
remaining minerals would change. The Bi’s for the min 
erals would also change if different minerals were sepa 
rated out by their degree of crystallinity. In light of all 
of the above, equation (7) should be viewed simply as 
providing the preferred minerals, coef?cients and con 
stant which correlate well to the obtained data and ?t 
into the logical understanding regarding any relation 
ship between formation minerals and the formation 
porosity. It is believed that equation (7) can be used in 
a universal manner to obtain accurate results. 
Turning to FIG. 1b, another embodiment for deter 

mining the formation permeability is disclosed in flow 
chart form. At 210 a borehole traversing the earth for— 
mation is logged for at least one borehole depth by at 
least one borehole tool to determine the elemental indi 
cations or concentrations of a plurality of elements. At 
220, the porosity of the formation for at least the one 
borehole depth is obtained. At 225, the permeability is 
determined according to a relationship which relates 
the permeability of the formation to a function of the 
elemental concentrations and the porosity. Those 
skilled in the art will recognize that step 225 of FIG. 1b 
is simply a mathematical combination of steps 15 and 25 
of FIG. 1a which include the transform of elements to 
minerals and the transform of minerals and porosity to 
permeability. While the resulting transform is of a much 
more complicated nature than the transform provided 
by equations (6) or (7), those skilled in the art will 
readily understand how to obtain the same, and will also 
appreciate that the transform would take the form of: 

, (8) 
k = C‘ - A 

where A’/( is a function of the maximum potassium 
content of a given zone where the maximum potassium 
content is determined for all points where the aluminum 
concentration is below a predetermined constant, B’,- is 
a constant for each elemental component, E,- is the ele 
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mental concentration weight fraction of the elements of 65 
the formation, d) is the porosity, and C’ is a constant. 
Because the elements may be considered to be a linear 
combination of the minerals (and vice versa), equation 

10 
(8) is in essence the equivalent of equation (6). Thus, 
those skilled in the art will also understand that the 
discussions provided above with regard to FIG. 1a (i.e. 
the obtaining of elemental and porosity data; the differ 
ent forms of the transform; etc.) are equally relevant in 
practicing the invention disclosed by FIG. 1b. 

Referring back to FIG. 1a, the method invention for 
determining the permeability of an earth formation was 
practiced on a borehole in California. Prior to logging 
the earth formation for elemental concentrations, values 
for coef?cients B,- for kaolinite, illite, smectite, K-feld 
spar, quartz and calcite, as well as a coef?cient for Af, 
and a value for a constant were determined by utilizing 
data sets from different boreholes (in Venezuela). Like 
wise, a transform relating the porosity and the mineral 
quantities of the formation with the permeability was 
derived through the use of the data sets and regression 
analysis. The transform determined was equation (7) 
above. 

After equation (7) was determined, the California 
borehole was logged with a gamma spectroscopy, tool, 
a natural gamma ray tool, a litho-density tool, and a 
compensated neutron tool. As a result of the logging, 
concentrations of thorium, iron, calcium, silicon, potas 
sium, and non-porous hydrogen (rock) were determined 
over the length of the borehole, and porosity determina 
tions were also made. The thorium concentration was 
used instead of an aluminum concentration because a 
tool for ?nding the aluminum concentration was not 
available. The determined elemental concentrations for 
each borehole depth investigated were then input into a 
matrix similar to the inverse matrix of that of FIG. 2, 
except that concentrations of aluminum, lanthanum, 
uranium, scandium, and vanadium were not provided. 
As a result of the matrix operation, mineral weight 
percentages were obtained, including a residual weight 
percentage. The maximum feldspar content was then 
obtained by scanning the obtained mineral weight con 
centrations over intervals of interest in the borehole. 
The mineral and residual weight percentages along 
with the porosity determinations for each borehole 
depth were then input into equation (7), and using the 
determined maximum feldspar content, the permeability 
along the length of the.borehole was determined. A 
tangible record (log) of the permeability determinations 
along the length of the borehole was then generated as 
seen by the solid line 250 of FIG. 5. The permeability so 
derived is seen to be in good agreement over the broad 
range of four millidarcies to over twenty darcies with 
the permeabilities derived in laboratories on un 
preserved core as represented by black circles 275. 
Indeed, the standard error between the log-derived and 
lab-derived permeability is only a factor of six where 
the cores and logs are presumed to be exactly on depth. 
The standard error decreases to a factor of two when a 
plus or minus two foot depth tolerance is allowed. 
Thus, the method invention proved to be capable of 
producing an accurate permeability determination di 
rectly from information gained through the logging of a 
borehole. 
There has been described and illustrated herein meth 

ods in accordance with the present invention for deter 
mining from log data the permeability of an earth for 
mation. While particular embodiments of the present 
invention have been utilized and described, it is in 
tended that the invention be broad in scope and that the 
speci?cations be read likewise. Thus, while the terms 
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“logs” and “logging” are utilized, they are not intended 
to be limiting in any manner. The terms are intended to 
encompass the gathering of data at a single depth sta 
tion, multiple stations or during continuous movement 
of the tool, and to include all data processing and data 
transfer techniques known in the borehole logging arts. 
Also, while the invention was described as using a 
“transform matrix” for determining mineral weight 
percentages from elemental concentrations, other tech 
niques such as simultaneous equations may be utilized in 
lieu of the matrix to accomplish the stated objectives 
and should be considered as an equivalent to the same. 
Moreover, while the invention was described as obtain 
ing permeability from elemental concentrations, it will 
be appreciated that it is within the scope of the inven 
tion to use elemental indications (e.g. spectroscopy 
yields) and complicated transforms in lieu thereof. Like 
wise, while mineral weight percentages are preferably 
utilized, other indices of formation mineralogical con 
tent may be known and used. 

Further, those skilled in the art will appreciate that 
the invention as described may be carried out in total by 
the logging tools of the art and computers of the art 
which are programmed according to well known pro 
grams for accomplishing statistical analysis. While an 
operator can provide additional or different information 
to the computer (e.g. a different element-mineral trans 
form based on a knowledge of the formation; a different 
mineral and porosity to permeability transform; etc.), 
and thereby change the results obtained for a particular 
borehole, those skilled in the art should obtain similar 
results if the transforms provided (FIG. 2 and equation 
(7)) by the inventor herein are utilized with identical 
borehole tools. Of course, different borehole tools may 
be used to obtain the desired elemental concentration 
determinations. Therefore, it will be apparent to those 
skilled in the art that other changes and modi?cations 
may be made to the invention as described in the speci? 
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cation without departing from the spirit and scope of 40 
the invention as so claimed. 

I claim: 
1. A method for determining the permeability of an 

earth formation traversed by a borehole, comprising: 
(a) logging the borehole to determine indications of at 

least a plurality of predetermined elements in the 
formation; 

(b) from said elemental indications, determining a 
mineralogical content of the formation; 

(0) determining the porosity of the formation; and 
(d) determining the permeability of the formation 

directly as a function of the determined mineralogi 
cal content and porosity. 

2. A method for determining the permeability of an 
earth formation according to claim 1, wherein: 

said mineralogical content of said formation com 
prises weight percentages of a plurality of minerals 
in said formation, and 

said permeability is determined at step (d) by: 

k = f(¢) eXP (2. BiMi) l 

where k is the permeability in millidarcies f(¢) is a 
predetermined function of the porosity (1) of the 
formation, Miare weight percentages in the forma 
tion of said plurality of minerals, and B,- are prede 
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termined weighting constants for said mineral 
weight percentages. 

3. A method according to claim 2, wherein: 
said permeability is determined at step (d) by: 

4. A method according to claim 2, wherein one of 
said plurality of minerals is feldspar, further comprising: 

(e) determining a maximum feldspar content along a 
length of said borehole, wherein 

said permeability is determined at step (d) by: 

(1,3 
k = (LA/m exp Bl‘Mi) 

where AflS said maximum feldspar indication, and 
C is a constant. 

5. A method according to claim 4 wherein: 
said Mi further include the weight percentage in the 

formation of residual minerals which are minerals 
other than said plurality of minerals of said miner 
alogical content determined from said elemental 
indications. 

6. A method according to claim 4, further compris 
ing: 

(f) generating a tangible record of said determined 
permeability along a length of said borehole. 

7. A method according to claim 2, wherein: 
said mineralogical weight percentages of said forma 

tion determined from said elemental indications are 
determined according to an element/mineral trans 
form. 

8. A method according to claim 7, wherein: 
said element/mineral transform is a matrix relating a 

plurality of elemental indications to a plurality of 
mineral weight percentages, and said plurality of 
minerals for which mineral weight percentages are 
related in said matrix to said elemental indications 
include at least feldspar, kaolinite, illite, quartz, 
calcite and smectite. 

9. A method according to claim 8, wherein: 
said elemental indications comprise concentrations of 

a plurality of elements, and said elements for which 
concentrations are related in said matrix to mineral 
weight percentages include at least iron, potassium, 
silicon, calcium, and hydrogen. 

10. A method according to claim 9, further compris 
ing: 

(e) determining a maximum feldspar content along a 
length of said borehole, wherein 

said permeability is determined at step (d) by: 

4,3 
k = C- Af—(1 __ 4))2 exp BjMi) 

where Afis said maximum feldspar indication, and 
C is a constant. 

11. A method according to claim 2 wherein: 
said M,- further include the weight percentage in the 

formation of residual minerals which are minerals 
other than said plurality of minerals of said miner 
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alogical content determined from said elemental 
indications. 

12. A method according to claim 2, further compris 
mg: 

(e) generating a tangible record of said determined 
permeability along a length of said borehole. 

13. A method according to claim 1, further compris 
mg: 

(e) determining an indication of formation maturity, 
wherein said permeability of said formation is de 
termined as a function of said determined mineral 
ogical content, said porosity, and said indication of 
formation maturity. 

14. A method for determining the permeability of an 
earth formation traversed by a borehole, comprising: 

(a) logging the borehole to determine concentrations 
of at least a plurality of predetermined elements in 
the formation; 

(b) from said elemental concentrations, determining 
weight percentages of a plurality of minerals in the 
formation; 

(c) determining the porosity of the formation; and 
(d) determining the permeability of the formation 

directly as a function of the determined mineral 
weight percentages and porosity. 

15. A method for determining the permeability of an 
earth formation according to claim 14, wherein: 

said permeability is determined at step (d) by: 

where k is the permeability in millidarcies, f(¢) is a 
predetermined function of the porosity qb of the 
formation, M; are said weight percentages of said 
plurality of minerals in the formation, and B are 
predetermined weighting constants for said min 
eral weight percentages. 

16. A method according to claim 15, wherein: 
said permeability is determined at step (d) by: 

17. A method according to claim 15, wherein one of 
said plurality of minerals is feldspar, further comprising: 

(e) determining a maximum feldspar content along a 
length of said borehole, wherein 

said permeability is determined at step (d) by: 

3 

k = C-Af?fw exp BiMi) 

where AflS said maximum feldspar indication, and 
C is a constant. 

18. A method according to claim 17, wherein: 
said mineralogical weight percentages of said forma 

tion determined from said elemental concentrations 
are determined according to an element/mineral 
transform relating said mineralogical weight per 
centages and said elemental concentrations, and 

said mineral weight percentages include weight per 
centages of at least feldspar, kaolinite, illite, quartz, 
calcite and smectite, and said elemental concentra 
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tions include concentrations of at least iron, potas 
sium, silicon, calcium, and hydrogen. 

19. A method according to claim 18 wherein: 
said M,- further include the weight percentage in the 

formation of residual minerals which are minerals 
other than said plurality of minerals determined 
from said elemental concentrations. 

20. A method according to claim 19, further compris 
ing: 

(0 generating a tangible record of said determined 
permeability along a length of said borehole. 

21. A method according to claim 15, wherein: 
said mineralogical weight percentages of said forma 

tion determined from said elemental concentrations 
are determined according to an element/mineral 
transform relating said mineralogical weight per 
centages and said elemental concentrations, and 

said mineral weight percentages include weight per 
centages of at least feldspar, kaolinite, illite, quartz, 
calcite and smectite, and said elemental concentra 
tions include concentrations of at least iron, potas 
sium, silicon, calcium, and hydrogen. 

22. A method according to claim 21 wherein: 
said M,- further include the weight percentage in the 

formation of residual minerals which are minerals 
other than said plurality of minerals determined 
from said elemental concentrations. 

23. A method according to claim 22, further compris 
ing: 

(e) generating a tangible record of said determined 
permeability along a length of said borehole. 

24. A method according to claim 14, further compris 
ing: 

(e) determining an indication of formation maturity, 
wherein said permeability of said formation is de 
termined as a function of said determined mineral 
weight percentages, said porosity, and said indica 
tion of formation maturity. 

25. A method for determining the permeability of an 
earth formation traversed by a borehole, comprising: 

(a) logging the borehole to determine indications of at 
least predetermined elements in the formation; 

(b) determining the porosity of the formation; and 
(c) determining the permeability of the formation 

directly as a function of said elemental indications 
and said porosity. 

26. A method for determining the permeability of an 
earth formation according to claim 25, wherein: 

said elemental indications are elemental concentra 
tions; and 

said permeability is determined at step (c) by 

k = /(¢) exp (2. Baa) l 

where k is the permeability in millidarcies, f(qb) is a 
predetermined function of the porosity d) of the 
formation, E; are said elemental concentrations of 
said predetermined elements in the formation, and 
B’,- are predetermined weighting constants for said 
elemental concentrations. 

27. A method according to claim 26, wherein: 
said permeability is determined at step (c) by 
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said elemental concentrations further comprise con 
centrations of at least iron, silicon, calcium, and 

3 I hydrogen. 

: (I _ ‘15)2 exp B 'E’ ' 30. A method according to claim 29, further compris 
5 ing: 

28. A method according to claim 26, wherein two of (e) generatirig a tangible record 0‘: Said determmed 
. . . permeabihty along a length of said borehole. 

said plurality of elements for WhlCh elemental concen- 31 A method according to Claim 26 wherein 
. . - - ' ’ ' 

tratlons are determined are potassium and aluminum, said elemental concentrations comprise concemm_ 
further compl'lsmgt _ I0 tions of at least iron, potassium, silicon, calcium, 

(d) determining a maximum potassium concentratlon and hydrogen, 
for all points where the aluminum concentration is 32. A method according to claim 31, further compris 
below a predetermined constant along a length of iI1g= 
said borehole, wherein (d) generating a tangible record of said determined 

said ermeab?it is determined at Ste d b 2 15 permeability along'a length'of said borehole. 
p y p ( ) y 33. A method according to claim 25, further compris 

ing: 
4); (d) determining an indication of formation maturity, 

k = c . A'Km exp B'rEi) wherein 
20 said permeability of said formation is determined as a 

, _ _ _ . function of said determined elemental indications, 

Where A K 15 531d maxlmum Potassmm Concentra' said porosity, and said indication of formation ma 
tron, and C’ is a constant, turity. 

29. A method according to claim 28, wherein: * * * * * 
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